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Introduction {#sec001}
============

Visceral leishmaniasis (VL) represents an important disease in the world, leading to nearly 50,000 deaths annually \[[@pone.0137683.ref001]\]. The primary choice for the treatment of disease is based on the parenteral administration of pentavalent antimonials; however, parasites' increased resistance and side effects have been registered in the patients as important problems \[[@pone.0137683.ref002],[@pone.0137683.ref003]\]. Other drugs, such as amphotericin B and its liposomal formulations, as well as paramomycin and miltefosine, have shown encouraging results; however, their use is commonly related to toxicity and/or high cost \[[@pone.0137683.ref004]\]. Therefore, the development of new strategies to prevent VL has become a priority \[[@pone.0137683.ref005]\].

Canine visceral leishmaniasis (CVL) caused by *Leishmania infantum* is a major global zoonosis. Upon infection, dogs can develop distinct clinical manifestations of the disease: asymptomatic, oligosymptomatic, or symptomatic stages \[[@pone.0137683.ref006],[@pone.0137683.ref007],[@pone.0137683.ref008]\]. Symptomatic CVL usually results in death, and the clinical manifestations are varied, ranging from cutaneous alterations to neurological disorders \[[@pone.0137683.ref007],[@pone.0137683.ref009],[@pone.0137683.ref010]\]. Infected dogs can also remain asymptomatic, and even be classified as false-negative in both clinical evaluations and serological trials performed \[[@pone.0137683.ref008]\]. This is an important problem, since infected dogs (even asymptomatic ones) are important domestic reservoirs of parasites, and can further contribute to transmission between sand flies and humans \[[@pone.0137683.ref011]\]. In this context, a precise and early diagnosis of CVL is of utmost importance \[[@pone.0137683.ref012]\].

As described in detail previously \[[@pone.0137683.ref013]\], in active VL, the cell-mediated immune response is absent and in the patients that are cured, the Th1 type response is increased, leading to long time immunity \[[@pone.0137683.ref014]\]. This provides a rationale that Th1 response play a major role in prevention and/or cure of VL. Therefore, proteins that stimulate the Th1 type arm of the immune response could be exploited as vaccine candidates against VL \[[@pone.0137683.ref015]--[@pone.0137683.ref021]\]. The induction of CD4^+^ Th1 cells response for parasite antigens is crucial in controlling infection. Cytokines like IFN-γ are able to induce the production of nitric oxide and other compounds by infected phagocityc cells, thereby assisting to control of the parasites´ multiplication \[[@pone.0137683.ref021],[@pone.0137683.ref022]\]. On the contrary, IL-4, IL-10, IL-13, and TGF-β represent important disease promoting cytokines, leading in turn to the suppression of the Th1 response and contributing to the disease \[[@pone.0137683.ref023],[@pone.0137683.ref024]\]. Concomitantly to the role of CD4^+^ T cells, the cytotoxic activity performed by CD8^+^ T cells also contributes to protection against VL. These cells were linked to act against re-infection, but studies have also showed that CD8^+^ T cells act also with an important role in controlling the primary infection, by increasing the Th1 response \[[@pone.0137683.ref020],[@pone.0137683.ref025]--[@pone.0137683.ref027]\].

Protozoan parasites of the genus *Leishmania* have a dimorphic life cycle, consisting of extracellular promastigotes that multiply and develop within the alimentary tract of the sand fly vector, and intracellular amastigotes that multiply within the phagolysosomes of their host macrophages \[[@pone.0137683.ref006],[@pone.0137683.ref027]--[@pone.0137683.ref029]\]. The most studies on *Leishmania spp*. vaccines have focused on promastigote antigens. On the other hand, as described in detail previously \[[@pone.0137683.ref030]\], amastigote antigens have been far less tested as vaccine candidates against VL. However, the amastigotes seem to be the more appropriate target for the immune responses elicited by a vaccine, since after a few hours of initial infection and during the active disease, only this parasite stage is present in the host tissues. In addition, in contrast to promastigotes, the amastigote forms reside inside host cells and are targets for CD8^+^ T cells, elements involved in the protective immunity against VL \[[@pone.0137683.ref031]\]. In this context, aiming to produce a vaccine composed by both amastigote and promastigote antigens; the present study evaluated three proteins: LiHyp1 (XP_001468941.1), LiHyp6 (XP_001467126.1) and the IgE-dependent histamine-releasing factor (HRF) (CAJ05086.1). The first two proteins were identified within the proteins extracted from amastigote-like cells by an immunoproteomic approach using sera from asymptomatic and symptomatic VL dogs \[[@pone.0137683.ref005]\]. The last one was characterized by the same procedure, but employing promastigote extracts \[[@pone.0137683.ref005]\].

The LiHyp1 protein (36.6 kDa) was recently shown to be protective against *L*. *infantum* \[[@pone.0137683.ref013]\]. In the present work, and in order to increase its prophylactic efficacy, this antigen was combined with other new characterized antigens for developing a new composition. The LiHyp6 gene is predicted to encode a protein with a theoretical molecular weight of 21.4 kDa, while the HRF gene is predicted to encode a protein with 19.4 kDa. Interestingly, mammals´ HRF protein, has been described as having a stimulatory activity on the immune system of the hosts by activating both T and B cells \[[@pone.0137683.ref032],[@pone.0137683.ref033]\]. Therefore, the first purpose of this study is to analyze the antigenicity of the three recombinant proteins using canine patients. In addition, the immunogenicity and protective properties of the three proteins, administered individually or in combination, in the presence of an adjuvant able to induce cellular response; have been also studied.

Material and Methods {#sec002}
====================

Ethics Statement {#sec003}
----------------

Experiments were performed in compliance with the National Guidelines of the Institutional Animal Care, and Committee on the Ethical Handling of Research Animals (CEUA) from the Federal University of Minas Gerais (UFMG) (Law number 11.794, 2008), with code number 043/2011. In addition, the owners of the domestic dogs (*Canis familiaris*) gave permission to collect blood samples from their animals.

Canine sera {#sec004}
-----------

Dog blood samples (10 mL) were collected by venipuncture of jugular vein in tubes without anticoagulant, and were kept at 37°C by 15 min, when they were centrifuged at 3,000 × *g* for 15 min, and sera samples were separated and kept at −80°C, until use. The sample size of domestic animals was 86 domestic animals (*Canis familiaris*) and consisted of males (n = 44) and females (n = 42) of different breeds and ages. CVL-positive animals were selected on the basis of two serological tests (IFAT \[IFAT- LVC Bio-Manguinhos kit\] and ELISA \[EIE-LVC Bio-Manguinhos kit\], both from Biomanguinhos, Fiocruz, Brazil), for *Leishmania spp*. Dogs with an IFAT titre \< 1/40 or ELISA reactivity below the cut-off value indicated by the manufacturer were considered to be seronegative. Animals with an IFAT titre \> 1/40 and an ELISA value over the cut-off were considered to be seropositive. Thus, symptomatic VL dogs (n = 15) were those positive by IFAT and ELISA, and when submitted to PCR, also presented positive results for *L*. *infantum* kDNA; and presenting three or more of the following clinical symptoms: weight loss, alopecia, adenopathy, onychogryposis, hepatomegaly, conjunctivitis; and exfoliative dermatitis on the nose, tail, and ear tips. Asymptomatic VL dogs (n = 9) presented positive serological (IFAT and ELISA) and parasitological (PCR) results, but they do not present clinical signs or symptoms of leishmaniasis. Non-infected dogs were selected from an endemic (n = 15; Belo Horizonte, Minas Gerais, Brazil) or non-endemic (n = 15; Poços de Caldas, Minas Gerais, Brazil) area of leishmaniasis, but they presented negative serological (IFAT and ELISA) results, as well as present any clinical signs or symptoms of leishmaniasis. Non-infected animals immunized with the Leish-Tec^®^ vaccine (n = 12), which were isolated in kennels to prevent their contact with transmitting vectors of leishmaniasis; as well as dogs experimentally infected with *Trypanosoma cruzi* (n = 12) or *Ehrlichia canis* (n = 8), were used in the ELISA assays.

Mice, parasite and antigen preparation {#sec005}
--------------------------------------

Female BALB/c mice (8 weeks age) were obtained from the breeding facilities of the Department of Biochemistry and Immunology, Institute of Biological Sciences, UFMG; and were maintained under specific pathogen-free conditions. Experiments were carried out using the *L*. *infantum* (MOM/BR/1970/BH46) strain. Parasites were grown at 24°C in Schneider\'s medium (Sigma, St. Louis, MO, USA), which was supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma), 20 mM L-glutamine, 100 U/mL penicillin, and 50 μg/mL streptomycin, at pH 7.4. The soluble *L*. *infantum* antigenic extract (SLA) was prepared from 10^9^ stationary-phase promastigotes, like previously described \[[@pone.0137683.ref034]\]. Briefly, parasites were washed three times in 5 mL of cold sterile phosphate-buffered saline (PBS). After seven cycles of freezing (-196°C) and thawing (+37°C), the suspension was centrifuged at 8,000 x *g* for 20 min at 4°C; and supernatant containing SLA was collected in 500 μL aliquots, being stored at -80°C, until used. The protein concentration was estimated by the Bradford method \[[@pone.0137683.ref035]\].

Cloning, expression, and purification of recombinant proteins {#sec006}
-------------------------------------------------------------

LiHyp1 was cloned, expressed, and the recombinant protein was purified as previously described \[[@pone.0137683.ref013]\]. The primers used to amplify the LiHyp6 and HRF genes from *L*. *infantum* genomic DNA were: `5´-TTTGCTAGCATGAGCTTCTTTGACTTCTCA-3’` (*forward*) and `5´-TTTAAGCTTTCATTGCAGAACTTTGAGTACA-3´` (*reverse*) for LiHyp6, and `5´-GGATCCATGAAGATCTTCAAGGATGTG-3´` (*forward*) and `5´- AAGCTTAGACGCGCTCGCCCTTCAG-3´` (*reverse*) for HRF proteins. Cut sites for *Bam*HI and *Hin*dIII (underlined) were included for cloning purposes in both cases. For PCR, genomic DNA from *L*. *infantum* was used. After amplification, DNA fragments were excised from gels, purified, and linked into pGEM-T easy vector systems (Promega, USA). Recombinant plasmids were used to transform *Escherichia coli* XL1-Blue (Phoneutria, Brazil) competent cells. Positive clones were tested by restriction analysis with *Eco*RI, and those presenting LiHyp6 or HRF genes were propagated, double-stranded sequenced, and used in the construction of the expression vector. DNA fragments obtained from *Nhe*I*/Eco*RI and *Bam*HI*/Hin*dIII digestion of pGEM-LiHyp6 or pGEM-HRF plasmids were ligated into the corresponding cut sites of the pET-28a-c and pQE30 plasmids, respectively (Qiagen, Hilden, Germany), and transformed into BL21AI and M15 *E*. *coli* strains for overexpression induced by adding 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) (Promega, Montreal, Canada). After induction, cells were ruptured by five cycles of ultrasound (15 sec each, 90 MHz) in a binding buffer (0.02 M phosphate buffer, pH 8.0, 0.5 M NaCl, 0.005 M imidazole, 8 M urea, and 0.001 M β-mercaptoethanol). The presence of the recombinant proteins in the supernatant extracts after centrifugation (13,000 × *g*, 20 min at 4°C) was analyzed by one dimensional SDS-PAGE. Both proteins proved to be soluble and had been purified under native conditions, following manufacturer's instructions (Qiagen). Briefly, rLiHyp6 and rHFR proteins were transferred by gravity flow onto Ni-nitrilotriacetic-acid-agarose (Ni-NTA) columns. The recombinant proteins were successively washed (1 column vol.) in binding buffer and in wash buffer (0.02 M phosphate buffer pH 8.0, 0.5 M NaCl, 0.005 M imidazole, and 0.001 M β-mercaptoethanol), and eluted in elution buffer (0.02 M phosphate buffer pH 8.0, 0.5 M NaCl, 0.5 M imidazole, and 0.001 M β-mercaptoethanol). After elution, proteins were dialyzed against 1x phosphate saline buffer (PBS). The rLiHyp6 and rHRF proteins were concentrated in eppendorf Vacufuge vacuum concentrate, and further purified on a Superdex^TM^ 200 gel-filtration column (GE Healthcare Life Sciences, USA). After purification, the recombinant proteins were passed through a polymyxin-agarose column (Sigma) to remove any residual endotoxins content. The purity of the recombinant proteins was checked by an one dimensional SDS-PAGE.

Validation of the purified proteins by Western-Blot assays {#sec007}
----------------------------------------------------------

To verify the antigenicity of the purified proteins in the CVL; the individual rLiHyp1, rLiHyp6, and rHRF proteins (10 μg each) were submitted to a 12% SDS-PAGE and blotted onto a nitrocellulose membrane (0.2 μm pore size, Sigma, St. Louis, USA), when they were evaluated in reaction to sera samples of VL dogs, or sera from non-infected animals (negative control). The technical protocol was performed as previously described \[[@pone.0137683.ref013]\].

ELISA experiments for the serodiagnosis of CVL {#sec008}
----------------------------------------------

Previous titration curves were performed to determine the most appropriate antigen concentration and antibody dilution to be used. For the serodiagnosis of CVL, the rLiHyp1, rLiHyp6, rHRF, and SLA-specific IgG antibodies levels were evaluated using a canine serological panel. For this, microtiter immunoassay plates (Falcon) were coated with the individual recombinant proteins (1.5, 1.5, or 0.5 μg per well, for rLiHyp1, rLiHyp6, and rHRF, respectively), with their mixture (0.5 μg per well, of each protein), or SLA *L*. *infantum* (1.0 μg per well); all diluted in 100 μL of coating buffer (50 mM carbonate buffer pH 9.6), for 18 h at 4°C. After washing the plates three times with PBS-T (PBS plus Tween 20 0.05%), their free binding sites were blocked using 200 μL of PBS-T containing 2% casein, for 1 h at 37°C. After washed three times with PBS-T, plates were incubated with 100 μL of individual canine sera (1:200, diluted in PBS-T), for 1 h at 37°C. Plates were subsequently washed four times in PBS-T, and incubated with anti-dog IgG horseradish-peroxidase conjugated antibody (1:10,000, diluted in PBS-T; catalog A6792, Sigma Aldrich, USA), for 1 h at 37°C. After washing the plates four times with PBS-T, the reaction was developed by incubation with 100 μL per well of a solution composed by 2 μL H~2~O~2~, 2 mg orto-phenylenediamine, and 10 mL citrate-phosphate buffer at pH 5.0 for 30 min in the dark. The reaction was stopped by adding 25 μL 2 N H~2~SO~4~, and the optical density was read in an ELISA microplate spectrophotometer (Molecular Devices, Spectra Max Plus, Canada), at 492 nm.

Vaccination regimens, challenge infection and determination of parasite burden {#sec009}
------------------------------------------------------------------------------

Mice (n = 8, per group) were vaccinated subcutaneously in their left hind footpad with 25 μg of each recombinant protein (rLiHyp1, rLiHyp6, or rHRF), or with their mixture (using 25 μg of each protein), all associated with 25 μg of saponin (*Quillaja saponaria* bark saponin, Sigma). Additional mice were immunized with saponin or received saline. Three doses of the vaccines were administered at two-week intervals into the animals. Four weeks after the third and last immunization, mice (n = 4 per group) were euthanized and sera samples and spleen were collected to analyze the immune response induced by vaccination. At the same time, the remaining animals of each group were infected subcutaneously in the right hind footpad with 10^7^ stationary-phase promastigotes of *L*. *infantum*. Ten weeks after infection, animals were euthanized and sera samples, spleen, liver, bone marrow (BM), and draining lymph nodes (dLN) were collected. Spleen and blood were used to evaluate the generated immune response. For the evaluation of the parasite burden, spleen, liver, BM and dLN were processed and used in a limiting-dilution technique, as previously described \[[@pone.0137683.ref036]\]. In this case, triplicates instead of duplicates were used in the parasitological analysis.

Cytokine production before and after *L*. *infantum* infection {#sec010}
--------------------------------------------------------------

Splenocyte cultures were performed four weeks after the third and last immunization and before infection, as well as in the 10^th^ week after challenge, as described \[[@pone.0137683.ref034]\]. Briefly, single-cell suspensions from spleen tissue were plated in duplicate in 24-well plates (Nunc), at 10^6^ cells per mL. Cells were incubated in RPMI 1640 medium (negative control), which was supplemented with 10% FBS, 20 mM L-glutamine, 200 U/mL penicillin, and 100 μg/mL streptomycin, at pH 7.4; or separately stimulated with rLiHyp1, rLiHyp6 or rHRF proteins (20 μg mL^-1^, each); with their mixture (10 μg mL^-1^ of each protein), or with SLA *L*. *infantum* (25 μg mL^-1^), for 48 h at 37°C in 5% CO~2~. IFN-γ, IL-4, IL-10, IL-12, and GM-CSF levels were assessed in the supernatants by a sandwich ELISA provided in commercial kits (BD OptEIA TM set mouse IFN-γ, IL-4, IL-10, IL-12, and GM-CSF; all obtained from Pharmingen, San Diego, CA, USA); following manufacturer's instructions. To evaluate the involvement of IL-12, and CD4^+^ and CD8^+^ T cells, spleen cells of mice vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin or polyproteins/saponin and infected were *in vitro* stimulated with SLA *L*. *infantum* (25 μg mL^-1^), and incubated in the presence of 5 μg mL^-1^ of monoclonal antibodies (mAb) against mouse IL-12 (C17.8), CD4 (GK 1.5), or CD8 (53--6.7). Appropriate isotype-matched controls---rat IgG2a (R35-95) and rat IgG2b (95--1)--were employed in the assays. Antibodies (no azide/low endotoxin^TM^) were purchased from BD (Pharmingen).

Humoral response and nitrite production {#sec011}
---------------------------------------

For the analysis of the humoral response induced after vaccination, the rLiHyp1, rLiHyp6, rHRF, and SLA-specific IgG1 and IgG2a isotypes levels were evaluated using the sera samples collected from the vaccinated animals, four weeks after the third and last immunization and before infection; as well as in the 10^th^ week after challenge, by an ELISA technique, as previously described \[[@pone.0137683.ref013]\]. The used concentration of the recombinant proteins were: 1.0, 1.0, and 0.5 μg per well for rLiHyp1, rLiHyp6, and rHRF proteins, respectively; 0.5 μg per well of each protein to their mixture, and 2.0 μg per well of SLA *L*. *infantum*. The sera samples were diluted at 1:200, and the anti-mouse IgG1 and IgG2a horseradish-peroxidase conjugated antibodies (Sigma-Aldrich, USA) were employed both in a 1:5,000 dilution. The nitrite production in the cultures supernatant was assessed by the Griess reaction \[[@pone.0137683.ref037]\]. Data were expressed as μM per 10^6^ cells.

Statistical analysis {#sec012}
--------------------

The results were entered into Microsoft Excel (version 10.0) spreadsheets and analyzed using GraphPad Prism^TM^ (version 6.0 for Windows). The mean optical density (OD) value was calculated by subtracting the mean blank OD from OD mean for each sample by using specific values obtained in the ELISA assays. The lower limit of positivity (cut-off) for SLA *L*. *infantum*, rLiHyp1, rLiHyp6, rHRF, and their mixture was established for optimal sensitivity and specificity using the Receiver Operator Curve (ROC curve). The accuracy was evaluated according to the area under the curve (AUC) relative to the ROC curve, 95% confidence interval (95%CI). The ROC curves were plotted with the values from serum samples from dogs presenting symptomatic and asymptomatic CVL as compared to those from the control groups (*T*. *cruzi*-infected, *E*. *canis*-infected, Leish-Tec-immunized, and non-infected from endemic and non-endemic area dogs), according to a sick/non-sick rating method, in which one inclusion criterion in each group was the positivity or negativity of PCR for *L*. *infantum* kDNA in blood samples. Statistical analysis of the data from vaccinated and/or infected mice was performed by one-way analysis of variance (ANOVA), using Tukey's post-test for multiple comparisons between the groups. The mean ± standard deviation (SD) of each experimental group is shown. Differences were considered significant when *P* \< 0.05. The vaccination experiments were repeated once, and presented similar results. Data showed in this study are representative of one of them.

Results {#sec013}
=======

Serodiagnosis of CVL using the recombinant proteins {#sec014}
---------------------------------------------------

Initially, to analyze the antigenicity of the recombinant proteins, a Western-blot assay was performed. As it is shown ([Fig 1](#pone.0137683.g001){ref-type="fig"}), the rLiHyp1, rLiHyp6, and rHRF proteins were recognized by the sera from CVL-infected animals (in the right, in [Fig 1](#pone.0137683.g001){ref-type="fig"}). However, when sera from non-infected dogs were used, no significant reactivity was observed with the evaluated three recombinant proteins (in the left, in [Fig 1](#pone.0137683.g001){ref-type="fig"}). In this context, antigens were evaluated individually or in combination in ELISA experiments to determine their sensitivity and specificity for the serodiagnosis of CVL ([Fig 2](#pone.0137683.g002){ref-type="fig"}). The SLA *L*. *infantum* was used as a control and a comparative antigen. In the results, all CVL sera recognized the SLA antigen, but a significant cross-reactivity was observed when sera samples from *T*. *cruzi*-infected animals were evaluated ([Fig 2A](#pone.0137683.g002){ref-type="fig"}). On the contrary, the rLiHyp1 ([Fig 2B](#pone.0137683.g002){ref-type="fig"}), rLiHyp6 ([Fig 2C](#pone.0137683.g002){ref-type="fig"}), and rHRF ([Fig 2D](#pone.0137683.g002){ref-type="fig"}) proteins were recognized by all asymptomatic and symptomatic CVL sera, but no cross-reactivity with sera from *T*. *cruzi*-infected animals was observed. When the three proteins were used as a mixture, it was able to better distinguish between the CVL sera from the other sera groups ([Fig 2E](#pone.0137683.g002){ref-type="fig"}). To determine the diagnostic performance of the rLiHyp1, rLiHyp6 and rHRF proteins, as well as their mixture; ROC curves were constructed. The proteins presented sensitivity and specificity values of 100.0% and 98.4%, respectively; whereas using SLA *L*. *infantum*, these values were of 83.3% and 98.47%, respectively. It was concluded that the mixture of the three proteins presented a better performance than SLA for the serodiagnosis of CVL ([Table 1](#pone.0137683.t001){ref-type="table"}).

![Immunoblotting experiments using the recombinant proteins and a canine serological panel.\
For immunoblotting experiments, the rLiHyp1 (36.6 kDa), rLiHyp6 (21.4 kDa), and rHRF (19.4 kDa) proteins (10 μg, each) were submitted to a 12% SDS-PAGE and blotted onto a nitrocellulose membrane, which were blocked with a PBS-T containing 5% BSA solution, and incubated with a pool of sera of asymptomatic and symptomatic VL dogs, or with a pool containing sera of non-infected dogs (1:200 and 1:100 diluted in PBS-T, respectively). Peroxidase conjugated anti-dog IgG (1:10,000) was used as a second antibody. The reactivities against the rLiHyp1, rLiHyp6 and rHRF proteins are shown. A low range protein ladder (Invitrogen^TM^, Life Technologies, USA) was used (Mr). The individual reactions of the rLiHyp1, rLiHyp6, and rHRF proteins with the pools of sera from non-infected or *L*. *infantum*-infected dogs (NI and CVL, respectively) are shown. Immunoblottings were derived from three independent experiments, and one representative preparation is showed in this study.](pone.0137683.g001){#pone.0137683.g001}

![Evaluation of the ELISA reactivity using the recombinant proteins against different sera samples.\
ELISA experiments were performed using sera samples from *T*. *cruzi*-infected (n = 19), asymptomatic (n = 20) and symptomatic (n = 25) *L*. *infantum*-infected, and non-infected (n = 40) dogs. Reactions against SLA *L*. *infantum* (1.0 μg per well) (**A**), rLiHyp1 (1.5 μg per well) (**B**), rLiHyp6 (1.5 μg per well) (**C**), rHRF (0.5 μg per well) (**D**) and their mixture (0.5 μg per well of each protein) (**E**), were performed. The mean optical density (OD) value was calculated by subtracting the mean blank O.D. from O.D. mean for each sample, by using specific values obtained in the ELISA assays. The lower limit of positivity (cut-off) for rLiHyp1, rLiHyp6, rHRF, their mixture, and SLA *L*. *infantum* was established for optimal sensitivity and specificity using the ROC curves. Abbreviations: H~EA~: healthy from endemic area, H~NEA~: healthy from non-endemic area, Tc: *Trypanosoma cruzi*, Ec: *Ehrlichia canis*, H~V~: healthy and vaccinated, CVL~S~: symptomatic canine visceral leishmaniasis, CVL~A~: asymptomatic canine visceral leishmaniasis.](pone.0137683.g002){#pone.0137683.g002}

10.1371/journal.pone.0137683.t001

###### Diagnostic performance of recombinant proteins and their mixture using a serological panel.

Samples from asymptomatic (n = 9) or symptomatic (n = 15) *L*. *infantum*-infected dogs, sera from animals with no clinical signs of VL, and negative parasitological and serological results to *Leishmania spp*. antigens, and living in an endemic (n = 15) or non-endemic (n = 15) area of leishmaniasis; as well as sera from animals experimentally infected by *Trypanosoma cruzi* (n = 12) or *Ehrlichia canis* (n = 8), and sera from dogs vaccinated with Leish-Tec (n = 12); were tested in the ELISA assays. ROC curves were used to determine sensitivity, specificity and AUC (area under the curve). 95%CI: Confiance Interval. LR: Likehood Ratio. SLA: Soluble *Leishmania infantum* antigenic extract.

![](pone.0137683.t001){#pone.0137683.t001g}

  Antigen   AUC    95%CI      Se      95%CI         Sp     95%CI         LR
  --------- ------ ---------- ------- ------------- ------ ------------- ------
  SLA       0.99   0.9--1.0   83.3    62.6--95.3    98.4   91.3--100.0   51.7
  rLiHyp1   1.0    1.0--1.0   100.0   85.8--100.0   98.4   91.3--100.0   62.0
  rLiHyp6   1.0    1.0--1.0   100.0   85.8--100.0   98.4   91.3--100.0   62.0
  rHRF      1.0    1.0--1.0   100.0   85.8--100.0   98.4   91.3--100.0   62.0
  Mix       1.0    1.0--1.0   100.0   85.8--100.0   98.4   91.3--100.0   62.0

Immunogenicity of the recombinant proteins in BALB/c mice {#sec015}
---------------------------------------------------------

The immunogenicity of rLiHyp1, rLiHyp6, and rHRF proteins administered with saponin individually or in a mixed formulation was evaluated in BALB/c mice ([Fig 3](#pone.0137683.g003){ref-type="fig"}). Cellular responses against the antigens were analyzed four weeks after receiving three vaccine doses, and just before infection. Following *in vitro* stimulation with recombinant proteins used in the immunizations, spleen cells from vaccinated mice with rLiHyp1, rLiHyp6, or rHRF plus saponin produced significantly higher levels of IFN-γ, IL-12, and GM-CSF than those secreted by spleen cells of the animals that received saline or saponin (stimulated with the protein mixture). Comparatively, the groups receiving the three mixed proteins presented higher levels of these cytokines when compared to the animals immunized with the individual proteins ([Fig 3A](#pone.0137683.g003){ref-type="fig"}). Also, a low production of IL-4 and IL-10 was observed in all experimental groups. The ratios between IFN-γ/IL-4 and IFN-γ/IL-10 levels ([Fig 3B](#pone.0137683.g003){ref-type="fig"}), as well as between IL-12/IL-4 and IL-12/IL-10 levels ([Fig 3C](#pone.0137683.g003){ref-type="fig"}) were calculated. The obtained results were showing that mice vaccinated with the recombinant proteins plus saponin mounted a protein-specific Th1-like response. Data of immunogenicity before challenge infection that were obtained in the 2^nd^ experiment are also shown (Figure A in [S1 File](#pone.0137683.s001){ref-type="supplementary-material"}). In addition, the humoral response was also analyzed ([Fig 4](#pone.0137683.g004){ref-type="fig"}). Using SLA *L*. *infantum* as an antigen, very low responses were observed ([Fig 4A](#pone.0137683.g004){ref-type="fig"}), although mice vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, or polyproteins/saponin had produced higher IgG2a levels than the rHRF/saponin, saponin and saline groups. When the recombinant proteins were used as antigens, all rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin and polyproteins/saponin groups presented higher levels of protein-specific IgG2a isotype, in relation to the obtained IgG1 levels ([Fig 4B](#pone.0137683.g004){ref-type="fig"}). Using the OD values of each serum samples in all experimental groups, the ratio between the IgG2a and IgG1 levels was calculated, and either SLA ([Fig 4C](#pone.0137683.g004){ref-type="fig"}) or the recombinant proteins ([Fig 4D](#pone.0137683.g004){ref-type="fig"}) as antigen, a higher IgG2a production was encountered in relation to the IgG1 levels in the animals immunized with the recombinant proteins isolated or in combination, added with saponin. In this context, it could be speculated that the immunization with the recombinant proteins was able to induce a higher *in vitro* IFN-γ, IL-12 and GM-CSF production, as well as low levels of IL-4, IL-10 and parasite-specific IgG1 isotype antibodies in the vaccinated animals.

![Cellular response induced in BALB/c mice by immunization using the recombinant proteins plus saponin.\
Mice (n = 8, per group) were vaccinated subcutaneously in their left hind footpad with 25 μg of each recombinant protein (rLiHyp1, rLiHyp6, or rHRF), or with their mixture (using 25 μg of each protein), all associated with 25 μg of saponin (*Quillaja saponaria* bark saponin, Sigma). Additional mice were immunized with saponin or received saline. Three doses were administered, at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were euthanized and spleens were collected to evaluate the cellular response induced by vaccination. For this, single cell suspensions were incubated in RPMI 1640 medium (negative control), which was supplemented with 10% FBS, 20 mM L-glutamine, 200 U/mL penicillin, and 100 μg/mL streptomycin, at pH 7.4; or separately stimulated with rLiHyp1 (rLiHyp1/saponin group), rLiHyp6 (rLiHyp6/saponin group), rHRF (rHRF/saponin group) proteins (20 μg mL^-1^, each one); with their mixture (saline, saponin, and polyproteins/saponin groups; using 10 μg mL^-1^ of each protein), or SLA *L*. *infantum* (25 μg mL^-1^), for 48 h at 37°C in 5% CO~2~. IFN-γ, IL-12, GM-CSF, IL-4, and IL-10 levels were measured by ELISA in the culture supernatants (**A**). Bars represent the mean ± standard deviation (SD) of the groups. In addition, the ratios between IFN-γ/IL-4 and IFN-γ/IL-10 levels (**B**), and between IL-12/IL-4 and IL-12/IL-10 levels (**C**) were calculated and are shown. (*a*) indicates statistically significant difference in relation to the saline group (*P* \< 0.001). (*b*) indicates statistically significant difference in relation to the saponin group (*P* \< 0.001). (*c*) indicates statistically significant difference in relation to the rLiHyp1/saponin, rLiHyp6/saponin, and rHRF/saponin groups (*P* \< 0.001).](pone.0137683.g003){#pone.0137683.g003}

![Humoral response generated in BALB/c mice by immunization with the recombinant proteins plus saponin.\
Mice (n = 8, per group) were vaccinated subcutaneously in their left hind footpad with 25 μg of each recombinant protein (rLiHyp1, rLiHyp6, or rHRF), or with their mixture (using 25 μg of each protein), all associated with 25 μg of saponin (*Quillaja saponaria* bark saponin, Sigma). Additional mice were immunized with saponin or received saline. Three doses were administered, at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were euthanized and sera samples were collected to evaluate the humoral response induced by vaccination. The reactivity based on IgG1 and IgG2a isotypes represented by whisker (min to max) plots against SLA (**A**) and the respective recombinant proteins (**B**) are shown. In each group vaccinated with the recombinant protein, the respective antigen was used. In the saline and saponin groups, as well as in the polyproteins/saponin group, the protein mixture was used as antigen. Also, SLA was used as antigen in all groups. For the assays, 1.0, 1.0, and 0.5 μg per well of rLiHyp1, rLiHyp6, and rHRF proteins, respectively; 0.5 μg per well of each protein composing the antigenic mixture, and 2.0 μg per well of SLA *L*. *infantum*, were used in the ELISA assays. The sera samples were diluted at 1:200, and the anti-mouse IgG1 and IgG2a horseradish-peroxidase conjugated antibodies were employed in a 1:5,000 and 1:10,000 dilution, respectively. The ratios between the IgG2a/IgG1 levels against SLA (**C**) and the respective recombinant proteins (**D**) were calculated, and are also shown. Bars represent the mean ± standard deviation (SD) of the groups. (*a*) indicates statistically significant difference in relation to the saline group (*P* \< 0.001). (*b*) indicates statistically significant difference in relation to the saponin group (*P* \< 0.001).](pone.0137683.g004){#pone.0137683.g004}

Protective efficacy against challenge infection {#sec016}
-----------------------------------------------

This study analyzed whether or not immunization with the recombinant proteins, administered isolately or in combination, all associated with saponin, could protect against *L*. *infantum*. The infection was followed up over a 10-week period, after which parasite burden in the spleen, liver, dLN, and BM was evaluated. In the results, significant reductions in the parasite load were observed in all evaluated organs of the vaccinated mice, when compared to those that received saline or saponin ([Fig 5](#pone.0137683.g005){ref-type="fig"}). In comparison to the saline group, mice vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin, or with polyproteins/saponin presented reductions in the parasite load in the spleen (1.9-, 2.2-, 1.6-, and 5.2-log reductions; [Fig 5A](#pone.0137683.g005){ref-type="fig"}), liver (1.6-, 1.8-, 1.5-, and 4.0-log reductions; [Fig 5B](#pone.0137683.g005){ref-type="fig"}), dLN (2.0-, 2.1-, 1.7- and 4.5-log reductions; [Fig 5C](#pone.0137683.g005){ref-type="fig"}), and BM (1.7-, 1.9-, 1.6-, and 5.7-log reductions; [Fig 5D](#pone.0137683.g005){ref-type="fig"}), respectively. Comparing the results obtained in relation to the saponin group, it was possible to observe that mice vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin, or with polyproteins/saponin presented reductions in the parasite load in the spleen (1.7-, 2.0-, 1.5-, and 4.8-log reductions; [Fig 5A](#pone.0137683.g005){ref-type="fig"}), liver (1.5-, 1.7-, 1.4-, and 3.8-log reductions; [Fig 5B](#pone.0137683.g005){ref-type="fig"}), dLN (1.8-, 1.9-, 1.6- and 4.2-log reductions; [Fig 5C](#pone.0137683.g005){ref-type="fig"}), and BM (1.3-, 1.4-, 1.2-, and 4.3-log reductions; [Fig 5D](#pone.0137683.g005){ref-type="fig"}), respectively. Evaluating comparatively the protective efficacy between the individual protein-based vaccines and polyproteins vaccine, it can be speculate that the polyproteins/saponin vaccine was able to induce a better degree of protection, due to the more significant reductions of parasite burden that were encountered in the evaluated organs in the animals of this group. Data of parasite burden obtained in the 2^nd^ experiment are also shown (Figure B in [S1 File](#pone.0137683.s001){ref-type="supplementary-material"}).

![Protection of BALB/c mice against *Leishmania infantum* infection.\
Mice (n = 8, per group) were vaccinated subcutaneously in their left hind footpad with 25 μg of each recombinant protein (rLiHyp1, rLiHyp6, or rHRF), or with their mixture (using 25 μg of each protein), all associated with 25 μg of saponin (*Quillaja saponaria* bark saponin, Sigma). Additional mice were immunized with saponin or received saline. Three doses were administered, at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were subcutaneously infected in the right hind footpad with 1 x 10^7^ stationary-phase promastigotes of *L*. *infantum*. Ten weeks after challenge, the parasite burden in the spleen (**A**), liver (**B**), infected paws´ draining lymph nodes (**C**), and bone marrow (**D**) were measured by a limiting-dilution technique. Bars represent the mean ± standard deviation (SD) of the groups. (*a*) indicates statistically significant difference in relation to the saline group (*P* \< 0.001). (*b*) indicates statistically significant difference in relation to the saponin group (*P* \< 0.001). (*c*) indicates statistically significant difference in relation to the rLiHyp1/saponin, rLiHyp6/saponin, and rHRF/saponin groups (*P* \< 0.001). Data shown in this study are representative of two independent experiments, which presented similar results.](pone.0137683.g005){#pone.0137683.g005}

Cellular response elicited after *Leishmania infantum* infection {#sec017}
----------------------------------------------------------------

The production of cytokines in the supernatants of spleen cell cultures stimulated with SLA or recombinant proteins was also evaluated, 10 weeks after infection ([Fig 6](#pone.0137683.g006){ref-type="fig"}). In the results, spleen cells from mice vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin or polyproteins/saponin produced high levels of protein- or parasite-specific IFN-γ, IL-12, and GM-CSF, in comparison to those secreted by spleen cells of animals that received saline or saponin ([Fig 6A](#pone.0137683.g006){ref-type="fig"}). In contrast, the protein- or parasite-driven production of IL-4 and IL-10 showed that vaccination induced no significant production of these cytokines, whereas mice from the saline and saponin groups showed a high IL-4 and IL-10 production, using both recombinant proteins and SLA in the stimulation of their spleen cells. As observed before infection, the ratios between IFN-γ/IL-4 and IFN-γ/IL-10 ([Fig 6B](#pone.0137683.g006){ref-type="fig"}), as well as between IL-12/IL-4 and IL-12/IL-10 ([Fig 6C](#pone.0137683.g006){ref-type="fig"}), using SLA to stimulate the cultures were calculated, and results showed that mice vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin or polyproteins/saponin developed a parasite-specific Th1 response, after challenge infection. The polyproteins/saponin group was able to mount a more pronounced Th1 response, which was corroborated with the results obtained before challenge; indicating that this stronger immune response could contribute to the higher reduction of the parasite burden found in the vaccinated and infected animals of this group.

![Analysis of the cellular response induced in the vaccinated animals, 10 weeks after *Leishmania infantum* infection.\
Mice (n = 8, per group) were vaccinated subcutaneously in their left hind footpad with 25 μg of each recombinant protein (rLiHyp1, rLiHyp6, or rHRF), or with their mixture (using 25 μg of each protein), all associated with 25 μg of saponin (*Quillaja saponaria* bark saponin, Sigma). Additional mice were immunized with saponin or received saline. Three doses were administered, at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were subcutaneously infected using stationary-phase promastigotes of *L*. *infantum*, and 10 weeks after challenge, single cell suspensions were obtained from the spleens of the animals. Cells were incubated in RPMI 1640 medium (negative control), which was supplemented with 10% FBS, 20 mM L-glutamine, 200 U/mL penicillin, and 100 μg/mL streptomycin, at pH 7.4; or separately stimulated with rLiHyp1 (rLiHyp1/saponin group), rLiHyp6 (rLiHyp6/saponin group), rHRF (rHRF/saponin group) proteins (20 μg mL^-1^, each one); with their mixture (saline, saponin, and polyproteins/saponin groups; using 10 μg mL^-1^ of each protein), or SLA *L*. *infantum* (25 μg mL^-1^), for 48 h at 37°C in 5% CO~2~. IFN-γ, IL-12, GM-CSF, IL-4, and IL-10 levels were measured by ELISA in the culture supernatants (**A**). Bars represent the mean ± standard deviation (SD) of the groups. In addition, the ratios between IFN-γ/IL-4 and IFN-γ/IL-10 levels (**B**), as well as between IL-12/IL-4 and IL-12/IL-10 levels (**C**) were calculated, and are shown. (*a*) indicates statistically significant difference in relation to the saline group (*P* \< 0.001). (*b*) indicates statistically significant difference in relation to the saponin group (*P* \< 0.001). (*c*) indicates statistically significant difference in relation to the rLiHyp1/saponin, rLiHyp6/saponin, and rHRF/saponin groups (*P* \< 0.001).](pone.0137683.g006){#pone.0137683.g006}

The contribution of CD4^+^ and CD8^+^ T cells for the parasite-specific IFN-γ production from the spleen cells of immunized and infected mice was evaluated, 10 weeks after challenge ([Fig 7](#pone.0137683.g007){ref-type="fig"}). In the results, animals vaccinated with rLiHyp1/saponin ([Fig 7A](#pone.0137683.g007){ref-type="fig"}), rLiHyp6/saponin ([Fig 7B](#pone.0137683.g007){ref-type="fig"}), rHRF/saponin ([Fig 7C](#pone.0137683.g007){ref-type="fig"}), or with polyproteins/saponin ([Fig 7D](#pone.0137683.g007){ref-type="fig"}) presented a significant reduction in the IFN-γ production, when anti-IL-12, anti-CD4 or anti-CD8 monoclonal antibodies were used in the cells cultures. The addition of anti-CD8 antibodies induced a lower IFN-γ production in the rLiHyp1/saponin and rLiHyp6/saponin groups ([Fig 7A and 7B](#pone.0137683.g007){ref-type="fig"}, respectively), in comparison to the rHRF/saponin group ([Fig 7C](#pone.0137683.g007){ref-type="fig"}), possibly due to the fact that these hypothetical proteins were found in the amastigote stage of the parasites. In the polyproteins/saponin group, the reduction of the IFN-γ production was achieved when both anti-CD4 and anti-CD8 monoclonal antibodies were used in the cells cultures ([Fig 7D](#pone.0137683.g007){ref-type="fig"}). Data of immunogenicity after challenge infection that were obtained in the 2^nd^ experiment are also shown (Figures C, D and E in [S1 File](#pone.0137683.s001){ref-type="supplementary-material"}).

![Analysis of the involvement of CD4^+^ and CD8^+^ T cells in IFN- production after *Leishmania infantum* infection.\
Mice (n = 8, per group) were vaccinated subcutaneously with rLiHyp1/saponin (**A**), rLiHyp6/saponin (**B**), rHRF/saponin (**C**) or polyproteins/saponin (**D**). Three doses were administered at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were subcutaneously infected in the right hind footpad with 1 x 10^7^ stationary-phase promastigotes of *L*. *infantum*. Ten weeks after challenge, single cell suspensions were obtained from the spleens of the mice and *in vitro* stimulated with SLA (25 μg mL^-1^) for 48 h at 37°C in 5% CO~2~, in the absence (positive control) or presence of 5 μg mL^-1^ of monoclonal antibodies (mAb) against mouse IL-12, CD4, or CD8. Statistically significant differences between the positive control cells and cultures incubated with anti-CD4, anti-CD8 or anti-IL-12 monoclonal antibodies were obtained and are shown. Bars represent the mean ± standard deviation (SD) of the groups. (*a*) indicates statistically significant difference in relation to the positive control (*P* \< 0.001).](pone.0137683.g007){#pone.0137683.g007}

Humoral response and nitrite production induced after *Leishmania infantum* infection {#sec018}
-------------------------------------------------------------------------------------

Evaluating the antibody production in the vaccinated and infected animals ([Fig 8](#pone.0137683.g008){ref-type="fig"}), 10 weeks after infection, it was possible to verify that animals vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin, or polyproteins/saponin presented higher levels of parasite- and protein-specific IgG2a antibodies in relation to the IgG1 levels ([Fig 8A and 8B](#pone.0137683.g008){ref-type="fig"}, respectively). The rHRF/saponin group presented the higher levels of both IgG1 and IgG2a levels, although the IgG2a production has been significantly higher than IgG1 levels. The ratio between the IgG2a and IgG1 levels using SLA ([Fig 8C](#pone.0137683.g008){ref-type="fig"}) or recombinant proteins ([Fig 8D](#pone.0137683.g008){ref-type="fig"}) as antigens was also calculated, and it was possible to observe that all vaccinated groups presented higher IgG2a/IgG1 values, when compared to the saline and saponin groups.

![Humoral response induced in the vaccinated and infected BALB/c mice, 10 weeks after *Leishmania infantum* infection.\
Mice (n = 8, per group) were vaccinated subcutaneously with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin or polyproteins/saponin. Three doses were administered at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were subcutaneously infected using stationary-phase promastigotes of *L*. *infantum*, and 10 weeks after challenge, sera samples were obtained from the animals to evaluate the humoral response. The reactivity based on IgG1 and IgG2a isotypes represented by whisker (min to max) plots against SLA (**A**) and the respective recombinant proteins (**B**) are shown. In each group vaccinated with the recombinant protein, the respective antigen was used. In the saline and saponin groups, as well as in the polyproteins/saponin group, the protein mixture was used as antigen. Also, SLA was used as antigen in all groups. For the assays, 1.0, 1.0, and 0.5 μg per well of rLiHyp1, rLiHyp6, and rHRF proteins, respectively; 0.5 μg per well of each protein composing the antigenic mixture, and 2.0 μg per well of SLA *L*. *infantum*, were used in the ELISA assays. The sera samples were diluted at 1:200, and the anti-mouse IgG1 and IgG2a horseradish-peroxidase conjugated antibodies were employed in a 1:5,000 and 1:10,000 dilution, respectively. The ratios between the IgG2a/IgG1 levels against SLA (**C**) and the respective recombinant proteins (**D**) were calculated, and are also shown. Bars represent the mean ± standard deviation (SD) of the groups. (*a*) indicates statistically significant difference in relation to the saline group (*P* \< 0.001). (*b*) indicates statistically significant difference in relation to the saponin group (*P* \< 0.001).](pone.0137683.g008){#pone.0137683.g008}

In an attempt to determine the influence of the immunizations of the different vaccines on the *L*. *infantum* specific killing effectors functions, the nitrite concentration (employed as an indicator of NO production) was analyzed in the culture supernatants after an *in vitro* stimulation using parasite antigens ([Fig 9](#pone.0137683.g009){ref-type="fig"}). In the results, the nitrite production was significantly higher in the mice vaccinated with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin, or polyproteins/saponin, when compared to the saline and saponin groups. The highest level on nitrite in supernatants was observed in cultures established form mice inoculated with the polyproteins/saponin vaccine.

![Nitric oxide production by vaccinated and infected animals, 10 weeks after challenge infection.\
Mice (n = 8, per group) were vaccinated subcutaneously with rLiHyp1/saponin, rLiHyp6/saponin, rHRF/saponin or polyproteins/saponin. Three doses were administered at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were subcutaneously infected in the right hind footpad with 1 x 10^7^ stationary-phase promastigotes of *L*. *infantum*. Ten weeks after challenge, single cell suspensions were obtained from the spleens of the animals and incubated in RPMI 1640 medium (negative control), which was supplemented with 10% FBS, 20 mM L-glutamine, 200 U/mL penicillin, and 100 μg/mL streptomycin, at pH 7.4; or stimulated with SLA *L*. *infantum* (25 μg mL^-1^), for 48 h at 37°C in 5% CO~2~. Then, the nitrite production was evaluated in the culture supernatant using a nitric oxide assay kit, and the results are expressed in μM. Bars represent the mean ± standard deviation (SD) of the groups. (*a*) indicates statistically significant difference in relation to the saline group (*P* \< 0.001). (*b*) indicates statistically significant difference in relation to the saponin group (*P* \< 0.001). (*c*) indicates statistically significant difference in relation to the rLiHyp1/saponin, rLiHyp6/saponin, and rHRF/saponin groups (*P* \< 0.001).](pone.0137683.g009){#pone.0137683.g009}

Discussion {#sec019}
==========

It has been showed that *Leishmania spp*. proteins that react with antibodies from VL dogs could be associated with antigenicity and protective responses, representing potential diagnostic markers and vaccine candidates against leishmaniasis \[[@pone.0137683.ref005],[@pone.0137683.ref011]\]. As described in detail previously \[[@pone.0137683.ref030]\], amastigote antigens have been far less evaluated as vaccine candidates against VL. One could speculate that this could be due to the fact that promastigotes are more easily cultured *in vitro*, as opposed to amastigotes; thus hampering the identification of amastigote-specific antigens \[[@pone.0137683.ref013],[@pone.0137683.ref030],[@pone.0137683.ref038]\]. However, a vaccine that is able to elicit a protective immune response against amastigote proteins could present advantages for both prophylactic and therapeutic conditions. Also, in contrast to promastigote forms, the amastigotes reside within host cells and are targets for CD8^+^ T cells, elements involved in the protection against *Leishmania spp*. infection. In the present study, the DNA encoding of two hypothetical proteins, which were recently identified expressed in the amastigote stage of *L*. *infantum*, were cloned and combined with a promastigote protein; with the purpose of composing a polyproteins vaccine to be evaluated against VL. Also, due to their recognition by antibodies of VL dogs, these proteins were evaluated for the serodiagnosis of CVL.

Vaccine studies concerning leishmaniasis call for the critical evaluation of the parasitological and immunological parameters in murine models \[[@pone.0137683.ref013],[@pone.0137683.ref028]\]. To properly evaluate new antigens, it is important to optimize their dose and route of administration \[[@pone.0137683.ref039]\]. The present study aimed to evaluate a polyproteins vaccine composed by three different antigens, based on their potential to induce a more effective protective immunity against murine VL. In relation to the immunogenic composition, some authors have used smaller amounts of single proteins in a 1:1:1 ratio, in the attempt to evaluate the efficacy of their vaccine candidates \[[@pone.0137683.ref040],[@pone.0137683.ref041]\]. Taking this into account, our group chose to compose the polyproteins vaccine with the same amount of protein in a fixed ratio of 1:1:1. Nonetheless, it was possible to verify that the polyproteins vaccine plus saponin was able to induce a more pronounced Th1 response in the vaccinated animals, which was based on *in vitro* protein- and parasite-specific production of IFN-γ, IL-12, and GM-CSF, combined with the presence of low levels of IL-4 and IL-10 in the spleen cells of the immunized animals, as well as by low levels of protein- and parasite-specific IgG1 isotype antibodies. The results of immunogenicity proved to be better when the polyproteins vaccine, as compared to the employ of individual proteins, was used. In addition, after infection, mice immunized with the polyproteins vaccine plus saponin displayed more significant reductions in the parasite burden in all evaluated organs, which were correlated with a parasite-dependent IFN-γ production in the spleen of the animals, which is one of the main cytokines implicated in the acquired immunity against VL \[[@pone.0137683.ref016],[@pone.0137683.ref042]\].

The evaluation of parasite burden was performed at week 10 after infection, since in the murine model employed; high numbers of parasites are present in different organs in this period of time \[[@pone.0137683.ref043]\]. In the absence of parasite determination at longer times after challenge, it cannot be discarded that vaccinated mice can present a delay in parasite spreading. Further investigation should be made to study parasite evolution in different organs, since mice infected with *L*. *infantum* have organ specific responses that destroy parasites in the liver, while they become chronic in the spleen. Like demonstrated here, the development and design of combining-protein vaccines has showed an improved protective efficacy against VL. In a recent study, a vaccine containing *L*. *tarentolae* expressing the *L*. *donovani* A2 protein along with cysteine proteinases (CPA and CPB) was evaluated in the protection of BALB/c mice against *L*. *infantum* infection. The authors showed that the combined vaccine induced a protective immunity, which was based on a Th1 response with high levels of IFN-γ prior and after challenge, as well as by low levels of IL-10 produced after infection. Moreover, the protection was correlated with a high nitric oxide production, and a low parasite burden in the vaccinated and infected animals was observed in this study \[[@pone.0137683.ref044]\]. In other work, the efficacy of a combined vaccine using the same system, live recombinant *L*. *tarentolae* expressing cysteine proteinases (CPA and CPB), but added with PpSP15, an immunogenic salivary protein from *Phlebotomus papatasi*; was also protective against *L*. *infantum*, being this protection also based on the development of a Th1 immune response in the vaccinated and infected animals \[[@pone.0137683.ref045]\].

Evaluating the involvement of the T cells in the immune response induced after infection in the present study, CD4^+^ T cells proved to be the major source of IFN-γ in the protected mice, since depletion of these cells in cultures of spleen cells stimulated with SLA *L*. *infantum* significantly reduced this response. In relation to the involvement of CD8^+^ T cells, although the IFN-γ production had been also diminished in the vaccinated and infected animals, this production was higher in relation to that obtained when the anti-CD4 monoclonal antibody was used. Previous reports have shown that the activation of both CD4^+^ and CD8^+^ T cells subsets is important for the killing of parasites in mice vaccinated with *Leishmania spp*. recombinant proteins \[[@pone.0137683.ref013],[@pone.0137683.ref020],[@pone.0137683.ref046]\]; although the CD4^+^ T cells response had been more important in the IFN-γ production, as well as in the induction of protection against challenge infection \[[@pone.0137683.ref013]\]. However, although the results of the present study have showed a discrimination in the IFN-γ production in the spleen cells cultures after using anti-CD4 and anti-CD8 monoclonal antibodies, this results could be considered a proof-of-concept of the involvement of the T cells, once these cells were not separate of others, such as macrophages in the *in vitro* cultures; being then this production considered as an indirect implication of the involvement of CD4^+^ and CD8^+^ T cells in the IFN-γ production.

Spleen cells derived from the vaccinated mice, when compared to the control groups, produced higher levels of protein- and parasite-specific GM-CSF, a cytokine linked to macrophage activation and resistance of murine models against infection caused by some *Leishmania spp*. species, such as *L*. *infantum* \[[@pone.0137683.ref013],[@pone.0137683.ref017],[@pone.0137683.ref020]\], *L*. *major* \[[@pone.0137683.ref047]\], and *L*. *donovani* \[[@pone.0137683.ref048]\]. GM-CSF plays also with an important role in activation and functional maturation of dendritic cells \[[@pone.0137683.ref049]\]. Moreover, it can recruits cells, such as monocytes and neutrophils, to the *Leishmania spp*. infection site, and contributing to the development of an effective immune response. It has been also used as an adjuvant in vaccine candidates for malaria \[[@pone.0137683.ref050]\], HIV \[[@pone.0137683.ref051]\], leishmaniasis \[[@pone.0137683.ref052]\], and others. These studies have shown that GM-CSF significantly increases the immunogenicity of the evaluated antigens, contributing to the protection against disease. The present study showed that the polyproteins vaccine plus saponin induced a low production of IL-4 and IL-10 before infection, which was maintained in low levels after challenge. On the other hand, animals from the control (saline and saponin) groups showed a significantly higher production of these cytokines after *L*. *infantum* infection. Indeed, the control of the parasite-mediated IL-10 response in mice may be important for protection against visceral disease, since IL-10 is considered to be the most important factor for disease progression caused by viscerotropic *Leishmania spp*. species, like described in both IL-10 deficient mice \[[@pone.0137683.ref017],[@pone.0137683.ref053],[@pone.0137683.ref054]\], and in mice treated with an anti-IL-10 receptor antibody \[[@pone.0137683.ref055]\].

As described in detail previously \[[@pone.0137683.ref013]\], in BALB/c mice, the IL-4-dependent production of IgG1 isotype antibodies is associated with disease progression caused by *L*. *infantum* \[[@pone.0137683.ref013],[@pone.0137683.ref020],[@pone.0137683.ref036]\], and *L*. *amazonensis* \[[@pone.0137683.ref034],[@pone.0137683.ref056]\]. For instance, in studies of immunization of BALB/c mice with the recombinant A2 protein \[[@pone.0137683.ref016],[@pone.0137683.ref034]\] or *Leishmania* ribosomal proteins \[[@pone.0137683.ref017]\] plus saponin, the animals were protected against infection, being this protection correlated with a decrease in parasite-specific IL-4 and IL-10 mediated response, as well as by low levels of parasite-specific IgG1 isotype antibodies. In this context, in the present study, mice that received saline or saponin and that were not protected against infection, presented high parasite-specific IgG1 antibody levels, when compared to their IgG2a levels. An important immunological control of intracellular parasitism is based on the production of oxygen derivative metabolites \[[@pone.0137683.ref057]\]. Therefore, the present study investigated the NO production by spleen cells of the vaccinated and infected animals, 10 weeks after infection. It was observed that the protected animals, which were immunized with the recombinant proteins isolate or in combination, produced higher levels of NO, when compared to the control groups. According to these data, it could be speculated a possible activation of an anti-parasite effectors mechanisms mediated by NO, as previously described by others \[[@pone.0137683.ref017],[@pone.0137683.ref058],[@pone.0137683.ref059]\].

Serological tests are currently recommended for the laboratorial diagnosis of CVL. Some of them, such as IFAT and ELISA, are used as diagnostic markers; however, their low sensitivity to detect cases from animals with low levels of antileishmanial antibodies, as well as by their specificity hampered due to cross-reactivity with antibodies of animals presenting other pathologies, such as Chagas´ disease, babesiosis and erlichiose; are problems to be solved \[[@pone.0137683.ref060],[@pone.0137683.ref061]\]. In Brazil, there are two commercial vaccines against CVL, Leishmune^®^ \[[@pone.0137683.ref062]\], and Leish-Tec^®^ \[[@pone.0137683.ref016]\]. However, although protective, these vaccines can induce seroconversion in the immunized animals, causing them to be classified as false-positive in the serological assays performed \[[@pone.0137683.ref063]--[@pone.0137683.ref065]\]. In the present study, it was possible to verify that all three evaluated recombinant proteins were specifically recognized by antibodies of symptomatic and asymptomatic VL dogs, and the results of sensitivity and specificity values were better in comparison to data obtained using an antigenic preparation of the parasites. In addition, the serological results obtained with the rLiHyp1 protein are in accordance with previous data \[[@pone.0137683.ref013]\]. Moreover, the ability of these antigens to distinguish the CVL sera from those from non-infected animals living in endemic and non-endemic areas of leishmaniasis, leads to the possibility of reducing the number of false-positive results usually encountered when these sera are evaluated in the serological assays performed \[[@pone.0137683.ref066]\]. However, the number and variety of sera used in the present study could be considered a limiting factor of the serological assays. In this context, data here presented should be taken as a proof-of-concept of the efficacy of these proposed antigens to be employed in the serodiagnosis of CVL, and may well serve as a reference for further assays. On the other hand, we believe that, after an adequate validation, the rLiHyp1, rLiHyp6 and rHRF proteins may be promptly applied for a sensitive and specific serodiagnosis of CVL.

In recent years, advances in the development of vaccines against VL have been based on molecularly defined antigens \[[@pone.0137683.ref013],[@pone.0137683.ref016],[@pone.0137683.ref019],[@pone.0137683.ref027],[@pone.0137683.ref029],[@pone.0137683.ref067]\]. Although second generation vaccines are currently being tested in clinical trials, the screening of new candidates will help to further increase the prophylactic efficacy of effective candidates against this disease. It has been proposed that a combination of different parasite proteins leading to the development of polyproteins vaccines could help to produce a more robust and effective prophylactic vaccine, presenting more protective characteristics \[[@pone.0137683.ref001],[@pone.0137683.ref043],[@pone.0137683.ref044]\]. The WHO has postulated that multiproteic vaccines could present a more protective efficacy against *Leishmania spp*. infection \[[@pone.0137683.ref001]\]. In addition, to be effective as a vaccine candidate against leishmaniasis, its components should either be shared by different parasite species, or be based on antigens expressed in both parasite stages. The use of chimeric vaccines combining multi-proteins and/or poly-epitopes may well provide benefits in terms of simplicity and production costs, since only one vaccine would be produced, besides of it could be protective against different *Leishmania spp*. species \[[@pone.0137683.ref068]\].

Although offering advantages in terms of safety and production´ costs, protein-based vaccines are less immunogenic and must be supplemented with immune adjuvants, in order to boost their immunogenicity \[[@pone.0137683.ref069]\]. In this context, for the development of a successful vaccine, one could speculate that the association of an effective adjuvant will be desirable. Recently, the rLiHyp1 protein was evaluated as a vaccine candidate against *L*. *infantum* infection, being associated with two polysaccharide-rich fractions (F2 and F4 fractions), which were derived from *Agaricus blazei* mushroom. The authors showed that the immunization using the rLiHyp1 protein plus F2 or F4 fractions of *A*. *blazei* was able to induce protection against challenge infection, which was based on the development of a Th1 immune response in the vaccinated and infected animals \[[@pone.0137683.ref070]\]. In the same study, the rLiHyp1 protein was administered isolated, and the results showed that it was not protective without the association of an immune adjuvant.

Thus, the data of the present study could be taken as a proof-of-concept of the efficacy from a developed polyproteins vaccine that, when administered in association with an adjuvant, could be used in the protection against VL. Additional studies evaluating this polyproteins vaccine against other *Leishmania spp*. species, such as against species causing tegumentary leishmaniasis; could be performed. In relation to their diagnostic performance, the rLiHyp1, rLiHyp6 and rHRF proteins could be also evaluated in future studies as new diagnostic markers for the CVL.
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###### Immunological and parasitological parameters evaluated in the vaccinated animals, before and after the *Leishmania infantum* challenge infection.

Mice (n = 8, per group) were vaccinated subcutaneously in their left hind footpad with 25 g of each recombinant protein (rLiHyp1, rLiHyp6, or rHRF), or with their mixture (using 25 g of each protein), all associated with 25 g of saponin (*Quillaja saponaria* bark saponin, Sigma). Additional mice were immunized with saponin or received saline. Three doses were administered, at two-week intervals. Four weeks after the last immunization, mice (n = 4 per group) were subcutaneously infected in the right hind footpad with 1 x 10^7^ stationary-phase promastigotes of *L*. *infantum*. Before and 10 weeks after challenge, the cytokine levels were evaluated. For this, cells were incubated in complete RPMI 1640 medium (negative control), or separately stimulated with rLiHyp1 (rLiHyp1/saponin group), rLiHyp6 (rLiHyp6/saponin group), rHRF (rHRF/saponin group) proteins (20 g mL^-1^, each one); with their mixture (saline, saponin, and polyproteins/saponin groups; using 10 g mL^-1^ of each protein), or SLA *L*. *infantum* (25 μg mL^-1^), for 48 h at 37°C in 5% CO~2~. IFN-, IL-12, GM-CSF, IL-4, and IL-10 levels were measured by ELISA in the culture supernatants (**Figure A**, before and **Figure D**, after infection). Also 10 weeks after challenge, the parasite burden was determined in the spleen, liver, infected paws´ draining lymph nodes, and bone marrow of the animals (**Figure B**). Using the supernatants of the SLA *L*. *infantum*-stimulated spleen cells, the nitrite production was evaluated in this time (**Figure C**). (*a*) indicates statistically significant difference in relation to the saline group (*P* \< 0.001). (*b*) indicates statistically significant difference in relation to the saponin group (*P* \< 0.001). (*c*) indicates statistically significant difference in relation to the rLiHyp1/saponin, rLiHyp6/saponin, and rHRF/saponin groups (*P* \< 0.001). To evaluate the involvement of CD4^+^ and CD8^+^ T cells in IFN- production after *L*. *infantum* infection, single cell suspensions that were stimulated with SLA (25 g mL^-1^) were incubated in the absence (positive control) or presence of 5 g mL^-1^ of monoclonal antibodies (mAb) against mouse IL-12, CD4, or CD8 (**Figure E**). (*a*) Statistically significant differences between the positive control cells and cultures incubated with anti-CD4, anti-CD8 or anti-IL-12 monoclonal antibodies were obtained and are shown (*P* \< 0.001). In all panels, bars represent the mean ± standard deviation (SD) of the groups.

(TIF)

###### 

Click here for additional data file.
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